We propose a spin Hall device to induce a large spin Hall effect in a superconductor/normal metal (SN) junction. The side jump and skew scattering mechanisms are both taken into account to calculate the extrinsic spin Hall conductivity in the normal metal. We find that both contributions are anomalously enhanced when the voltage between the superconductor and the normal metal approaches to the superconducting gap. This enhancement is attributed to the resonant increase of the density of states in the normal metal at the Fermi level. Our results demonstrate a novel way to control and amplify the spin Hall conductivity by applying an external dc electric field, suggesting that a SN junction has a potential application for a spintronic device with a large spin Hall effect. 73.40.Gk, 74.55.+v, 85.75.Nn How to generate and manipulate spin current is one of the central issues in the research field of spintronics [1, 2] . In particular, the ability to control spin current by an external electric field is essential because the electric field can control the flow of electrons in nanometer scale devices. In this regard, an interaction between the spin and orbital motion of electrons [spin-orbit interaction (SOI)] is an important ingredient. The SOI induces the novel phenomenon called spin Hall effect (SHE), where a charge current induces spin dependent motion of electrons, flowing perpendicular to the charge current and in the opposite directions for up-and down-spin electrons, and thus the spins are accumulated at the edge of the sample. The SHE has been recognized as a key effect to convert the charge current into the spin current and vice versa [3] [4] [5] [6] [7] .
We propose a spin Hall device to induce a large spin Hall effect in a superconductor/normal metal (SN) junction. The side jump and skew scattering mechanisms are both taken into account to calculate the extrinsic spin Hall conductivity in the normal metal. We find that both contributions are anomalously enhanced when the voltage between the superconductor and the normal metal approaches to the superconducting gap. This enhancement is attributed to the resonant increase of the density of states in the normal metal at the Fermi level. Our results demonstrate a novel way to control and amplify the spin Hall conductivity by applying an external dc electric field, suggesting that a SN junction has a potential application for a spintronic device with a large spin Hall effect. How to generate and manipulate spin current is one of the central issues in the research field of spintronics [1, 2] . In particular, the ability to control spin current by an external electric field is essential because the electric field can control the flow of electrons in nanometer scale devices. In this regard, an interaction between the spin and orbital motion of electrons [spin-orbit interaction (SOI)] is an important ingredient. The SOI induces the novel phenomenon called spin Hall effect (SHE), where a charge current induces spin dependent motion of electrons, flowing perpendicular to the charge current and in the opposite directions for up-and down-spin electrons, and thus the spins are accumulated at the edge of the sample. The SHE has been recognized as a key effect to convert the charge current into the spin current and vice versa [3] [4] [5] [6] [7] .
The SHE was first predicted theoretically decades ago, and now it is well accepted that there are two types of SHE, the one caused by the SOI of a host metal (intrinsic SHE) [3] and the other caused by the SOI of nonmagnetic guest impurities (most often heavy elements) in a host metal (extrinsic SHE) [4] . For the extrinsic SHE, there are two contributions, skew scattering and side jump. The skew scattering results from the impurity scattering via the SOI [8] , whereas the side jump is due to the anomalous velocity induced by the SOI [9] . The first experimental observation of the extrinsic SHE has been reported by Kato et al, who have detected the spin accumulation induced by the extrinsic SHE in GaAs systems [10, 11] . Their work has stimulated extensive theoretical as well as experimental studies for the extrinsic SHE in various materials with different experimental setups [12, [14] [15] [16] [17] [18] [19] [20] .
One of the important current issues is to find a way to obtain a large SHE [17] [18] [19] [20] . A large spin Hall conductivity (SHC) has an ability to generate the large spin current. The SHC in turn depends sensitively on the SOI as well as the impurity scattering in a host material. Very often, a larger SHE has been observed experimentally in impurity doped (extrinsic) systems rather than in impurity free (intrinsic) systems [10, 12, 13] . This is, in fact, consistent with theoretical calculations [17] [18] [19] [20] . However, the SHE observed is still small, requiring sensitive experimental measurements to detect the effect, in host materials such as light element metals (Al or Cu) and semiconductors [10, 12] . Therefore, finding an alternative way to further increase the SHE is highly desirable, which certainly helps to achieve a variety of SHE-based spintronic devices in the future. This is precisely the main purpose of this paper.
In this paper, we propose a simple superconductor/normal metal (SN) junction in which a large SHE is induced. Taking into account both contributions of the side jump and skew scattering mechanisms in low impurity concentrations, we show that the extrinsic SHC in the normal metal is anomalously enhanced when the voltage between the superconductor (S) and the normal metal (N) approaches to the superconducting gap. This enhancement is attributed to the resonant increase of the density of states in the N at the Fermi level. Our results demonstrate that the SHC can be controlled and amplified by using the dc voltage, suggesting that a SN junction has a potential application for spintronic devices with a large SHE.
The system considered is an s-wave SN junction as depicted in Fig. 1 . An insulating barrier is inserted between S and N to suppress the proximity effect. In this setup, the thickness of the N is considered thin enough to treat the N as a two dimensional N. A dc bias voltage V bias is applied in x 2 rj(r, t) · A(t) where j(r, t) and A(t) are a current operator (defined below) and a vector potential, respectively. The gauge is set to satisfy E = −∂ t A(t) with a spatially uniform electric field [A(t) = (−E x t, 0, 0)]. The N is described
is an annihilation operator of electron with spin σ at position r. m and µ F are mass of electron and the Fermi level, respectively. The terms H imp and H SOI describe a nonmagnetic impurity scattering and the SOI, respectively,
where u(r) = u 0 i δ(r − R i ) is an impurity potential with the strength u 0 locating at R i in the N. λ SO is the SOI coupling and σ α,β are the Pauli matrices. For the tunneling of electrons between S and N, we adopt the tunneling Hamiltonian H T described by
Here, d σ (r) is an annihilation operator of electron in the S and the tunneling matrix element T r,r ′ is non zero only at the SN boundary, i.e., T r,
. Finally, the voltage V between S and N is described by the exponential factor e ieV t/ in H T . To evaluate the extrinsic SHC within the linear response theory, first we consider the statistical average of the following two current operators in the y-direction [22] where
Green's function, k and k ′ are wave numbers of electrons, and S A is the area of the junction. · · · i represents the impurity average. The lesser Green's function is derived from the contour Green's function,
, where · · · denotes the quantum statistical average at zero temperature and T c is a contour ordering operator [23] . j N y,σ (r, t) is the normal current, from which the skew scattering contribution is obtained, while j SO y,α (r, t) is the anomalous current originated from the SOI term, from which the side jump contribution is obtained.
The SHC is obtained from j Fig. 2 (a) and (b) . This approximation is valid in a low impurity concentration n imp . The SHC due to the skew scattering and side jump mechanisms is then summarized as
where tion with zero frequency.
To calculate G R(A) k
for the N in the SN junction, we keep the lowest contribution of the tunneling matrix element T 0 , which is indicated by Dyson's equation shown in Fig. 2 (c) , and we obtain
where g
) is the retarded (advanced) Green's function in the N. ξ = 2 k 2 /2m − µ F is the kinetic energy of electron and τ is the relaxation time due to the nonmagnetic impurity scattering within the Born approximation. g R(A) S,k (eV ) is the diagonal part of the retarded (advanced) Green's function in the S given by
which satisfies the Gorkov's equation.
Here,
η is the inelastic scattering rate in the S [24] and ∆ 0 is the superconducting gap at zero temperature. Substituting Eqs. (3) and (4) into Eqs. (1) and (2), we obtain for the SHC
is the skew scattering (side jump) contribution to the SHC in the bulk N with T 0 = 0.
Let us now evaluate numerically the SHC for the two contributions derived above. Here we take η/∆ 0 = 1 × 10 −3 [25] . Fig. 3 (a) shows the skew scattering contribution to the SHC (σ SS xy ), normalized by the SHC for the bulk N (σ SS xy ), as functions of V and the inverse relaxation time τ −1 . From Fig. 3 (a) , it is observed that σ SS xy is almost the same as that of the bulk system when eV deviates from ∆ 0 . However, when eV approaches to ∆ 0 , σ SS xy becomes anomalously enhanced. Moreover, it is seen that σ SS xy monotonically increases with τ . Fig. 3 (b) shows the side jump contribution to the SHC (σ SJ xy ), which exhibits the similar characteristic behavior, i.e., large enhancement of σ Here, we take g0 = 2 × 10 −5 [26] and /τ = 10 −2 . NF is the DOS at the Fermi level for the bulk N.
imaginary part of the retarded Green's function (
, which is calculated by considering the same diagram shown in Fig. 2 (c) . As shown in Fig. 4 , the DOS for the N shows a sharp peak for eV close to ∆ 0 . This resonant increase of the DOS is simply due to tunneling of normal electrons to the S, thus reflecting the DOS of the S which is singularly large for energy around ∆ 0 [28] .
Let us now estimate the value of the relaxation time τ since this quantity determines rather sensitively the value of the SHC as already shown in Fig. 3 . When the temperature is much lower than a typical phonon frequency, the relaxation time τ in the N is mainly determined by the elastic impurity scattering. In this temperature region, the value of τ for the N such as Cu and n-GaAs is roughly estimated to be in a range of 10-100 ps [15, 29] . For instance, /τ ∆ 0 ∼ 0.01 for ∆ 0 ≃ 1 meV and τ ≃ 100 ps, and thus the enhancement factor of the SHC due to the skew scattering (side jump) is as large as about 10 (less than 2). Therefore, we expect that the anomalous enhancement of the SHC should be easily observed experimentally.
Finally, several notes are in order. First, we have considered the extrinsic SHE in this paper. We expect the similar enhancement for the intrinsic SHE in a SN junction. Second, it is well known that the tunneling matrix element T 0 in the SN junction is inversely proportional to the resistance through the junction [27] . Here, only the lowest contribution of T 0 is considered, assuming that the system studied has a comparatively high interface resistance [26] . In such a junction, the proximity effect and the higher order contributions of T 0 are safely neglected. However, for more quantitative analysis, details of the interface structure have to be taken into account. Third, the spatial variation of the superconducting order parameter in the S near the interface, which has not been considered in this study, becomes important for a small tunnel barrier (or even for a junction with a metallic interface between S and N). Such variation of the order parameter would affect the SHC, which remains to be studied in the future.
In summary, we have proposed a simple SN junction to induce a large extrinsic SHE. The side jump and skew scattering contributions have been taken into account to calculate the SHC in low impurity concentrations. We found that both contributions are anomalously enhanced when the voltage between S and N is adjusted close to ∆ 0 . This enhancement is attributed to the resonant increase of the DOS in the N at the Fermi level. We believe that this enhancement of the SHC is large enough to be observed experimentally [30] . Our results demonstrate that the SHC can be controlled and amplified by using a dc electric field, suggesting that a SN junction has a potential application for a spintronic device with a large SHE.
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